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This work presents the effect of grain boundaries in nanocrystalline silicon thin-film transistors
(nc-Si TFT). In this study, it is assumed that the nanocrystalline silicon film which is used as the channel
material in TFT consists of grain boundaries perpendicular as well as parallel to the carrier flow. Analyti-
cal model for mobility due to perpendicular GBs (terp) and mobility due to parallel GBs (tparaier) are devel-
oped separately and then the overall (effective) mobility, urz, is calculated incorporating both type of GBs.
Thereafter the overall (effective) mobility pre and drain current are plotted as a function of gate voltage.
The trend observed from the theoretical plot of drain current versus gate voltage is in agreement with the

experimentally observed trend.
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1. INTRODUCTION

High field effect mobility thin film transistors find
immense application in active matrix liquid crystal
display (AMLCD) or active matrix organic light emit-
ting diode (AMOLED) displays [1], [2]. Amorphous sili-
con is easily deposited over large areas at low deposi-
tion temperatures (below 450 °C) but it suffers degra-
dation under bias stress and under illumination. To
avoid this problem, amorphous silicon is converted to
polycrystalline silicon using high temperature thermal
annealing. Polycrystalline silicon is more stable but its
fabrication requires expensive substrates due to high
temperature processes. Nanocrystalline silicon has
properties in between amorphous and polycrystalline
silicon. Low temperature (below 150 °C) deposition
techniques have been proposed [3] for nanocrystalline
silicon. At the same time, nanocrystalline silicon is
much more stable than amorphous silicon due to a low-
er density of states. Thus by combining the advantages
of both amorphous and polycrystalline silicon, nano-
crystalline silicon becomes extremely well suited for
fabrication of thin film transistors for the applications
described earlier.

The effect of grain boundaries (GBs) on the carrier
transport of polycrystalline silicon TFT have been dis-
cussed by various researchers [4-6], but the effect of
GBs on nc-Si TFT were hardly reported [7].

This paper is organized as follows: In section 2, the
modeling of transverse (perpendicular) and longitudi-
nal (parallel) GBs are reported. Section 3 provides the
results and discussion based on the developed model.
The last section, section 4 concludes the study given in
the paper.

2. THEORY AND MODEL

Figure 1 shows the perpendicular grain boundaries
as well as the energy band diagram along the length of
the channel of an enhancement type n-channel device
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(p-substrate). In the figure Dg is the grain size, DgB is
the size of the grain boundary, Dg is the width of the
depletion region (D¢s << Dg). The grain boundaries
contain trap states which trap electrons, thereby lead-
ing to a reduction in effective hole concentration in the
grain boundaries. Difference in hole concentration be-
tween the bulk and the grain boundaries leads to band
bending at the grain boundaries. Wg represents the
amount of band bending at the grain boundary.

Let Rg, perp represent the resistance of a single grain,
RGB, perp represent the resistance of a grain boundary,
ng, perp represent the number of grains.
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Fig.1- (Top) Cross-section in presence of perpendicular
(transverse) grain boundary. The shaded regions represent
the grain boundaries. (Bottom) Energy band diagram along
the length of the nanocrystalline silicon film
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Assuming that the grains and grain boundaries to-
gether form a series combination of resistances along
the channel from source to drain, the total channel re-
sistance R7, perp 1S given by

RT, perp = Ng, perp RG, perp + (ng, perp — 1) RGB, perp (1)

where, ng, perp = D/ Dg approximately, considering that
Daa << Dag.

D D,
RT, perp = ’ RG, perp = —a s RGB, perp = GB
O-eff ,perp O-G O-GB
Substituting these values in eq. (1),
D _ ﬂg .perp DG + (ngAperp. B 1)‘DGB (2)
AG s porp Acg Aogp

Let N be the hole concentration in the bulk of the
grain.

Oeffperp = QN tperp and o = ¢Nuc

o6B = (queB)p , where ‘p’ is the hole concentration in the
GBs

oaB = (qucs)niexp((Ei — Erpas/ kT)
= (queB)niexp((Ei — Er)buk — q@¥B) | RT)
= (queB)niexp((Ei — En)buix/ kT) exp(— q¥B/ kT)
= (qucB)Nexp(- q¥PB/ kT) 3)

[Taking niexp((Ei — Er)buix) / RT) = N, the hole con-
centration in the bulk of the grain. n; is the intrinsic
carrier concentration].
where uc and ucs represent the mobility of the grain
and grain boundaries respectively and oc and oG rep-
resent the conductivity of the grain and grain bounda-
ries respectively.

Now eq. (2) becomes,

ng,perpDG _ ng,perpDG + (ng,perp - l)DGB (4)
AgNp,,,,,,  AqN g q¥y
e AgN g exp| —
qiN Hgp €XP BT
Solving eq. (4) for wperp we get
_ Ha
:uperp - 1 D (5)
1+ (ng,perp )/uG GB Xp[q\PBj
ng,perpﬂGBDG kT

where the potential barrier height is related to the gate
voltage by [4]

_ ¢°N, thsi
8¢,C, (Vi -Vy)

s ox

(6)

B

where N7 is the trap state density and ¢ is the thickness
of the nano crystalline silicon film, & is the permittivity of
silicon, Co 1s the oxide capacitance per unit area.

Now assuming that channel also consists of par-
allel (longitudinal) GBs which are shown in figure 2.
Assuming that t¢ is the thickness of a single grain
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and tcs is the thickness of a grain boundary. As in
the case of perpendicular GBs, the trapping of elec-
trons at GBs leads to reduction of hole concentration
in the GBs, resulting in band bending at the grain
boundaries. It is assumed that the extent of band
bending at the GBs (Wp) is the same as in the per-
pendicular case.

o

i s

7777727777727 |

—

tGB

A S

|

Fig. 2 — Channel in presence of parallel (longitudinal) grain
boundaries. The shaded regions represent the grain boundaries

It is clear from figure 2, that the grains and grain
boundaries form a parallel combination of resistances.
Hence the equivalent resistance of the entire film can
be written as

1 _ ng,parallel + (ng,parallel _1) (7)
RT ,parallel RG ,parallel RGB ,parallel

which gives the parallel mobility as

v
Hgplap €XP (_ qk; j
®
G

te + - teg ot
ng,parallel [1 _1J

Hgtg

H ‘parallel = +

ng,parallel
The effective field effect mobility (ure) can be obtained
from the following relation
1 1 1
_——
Hpg ﬂperp

C)

ﬂparallel

The mobility (urr) calculated by the above model is
used to calculate the drain current in saturation using
the equation

C.Z
I, = ”Ff;Dox (Vo -Vp) (10)

3. RESULTS AND DISCUSSION

Table 1 shows the typical values of the model pa-
rameters used in the calculations [8]. Figure 3 and 4
illustrate the calculated values of effective field effect
mobility and drain current as a function of gate volt-
age at room temperature. It is observed that effective
field effect mobility and hence the drain current in-
creases rapidly with the increase in gate voltage
which is due to the gate-induced barrier lowering ef-
fects. Also as N increases, barrier potential will de-

04054-2



MODELING OF FIELD EFFECT MOBILITY USING GRAIN BOUNDARIES...

crease. This means that available carriers for
transport will increase hence it decreases the trap
states at the oxide-silicon interface of nc-Si TFT. This
effect results in an increase in the channel mobility
which in turn increases the drain current.

Figure 5 shows the experimental values of drain
current versus gate voltage taken from Teng and
Anderson [8] in saturation region and at a drain volt-
age, Vp=9V.

Table 1 — Parameters used in the study [8]

Parameters Values
Dgs | Dg 0.1
teB ! tg 0.1
HG 203 cm?/V-s
MGB 0.3 cm?/V-s
tsi 90 nm
Dq 25 nm
tg 25 nm
Z!D 200 um / 25 pm
tox 150 nm
Vr 3V
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Fig. 3 — Computed variation of field effect mobility with gate
voltage at room temperature

It is observed that the trend of the experimental
values are same as that of the computed values using
developed analytical model, however the deviation from
the actual values are attributed due to the fact that the
actual device may have affected from various other
effects such as channel length modulation, drain in-
duced barrier lowering and impact ionization which
may be further incorporated to strengthen the present
model.
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Fig. 4 — Computed variation of drain current with gate voltage
at room temperature
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Fig. 5 — Experimental variation of drain current with gate
voltage at room temperature [8]

4. CONCLUSION

This work proposed the development of an analyti-
cal mobility model for nanocrystalline silicon thin film
transistors considering the effects of perpendicular and
parallel GBs. The mobility is then used to calculate the
drain current. The trend obtained is in agreement with
the experimentally observed trend.
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